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Abstract. 

We study the two main corrections generally applied to narrow-band Ha fluxes from galaxies in order to convert 
them to star formation rates, namely for [Nil] contamination and for extinction internal to the galaxy. From an 
imaging study using carefully chosen narrow-band filters, we find the [Nil] and Ha emission to be differently 
distributed. Nuclear measurements are likely to overestimate the contribution of [Nil] to total narrow-band fluxes. 
We find that in most star formation regions in galaxy disks the [Nil] fraction is small or negligible, whereas some 
galaxies display a diffuse central component which can be dominated by [Nil] emission. We compare these results 
with related studies in the literature, and consider astrophysical explanations for variations in the [Nil] /Ha ratio, 
including metallicity variations and different excitation mechanisms. 

We proceed to estimate the extinction towards star formation regions in spiral galaxies, firstly using Br7/Ha 
line ratios. We find that extinction values are larger in galaxy nuclei than in disks, that disk extinction values 
are similar to those derived from optical emission-line studies in the literature, and that there is no evidence 
for heavily dust-embedded regions emerging in the near-IR, which would be invisible at Ha. The numbers of 
galaxies and individual regions detected in Br7 are small, however, and we thus exploit optical emission line data 
from the literature to derive global Ha extinction values as a function of galaxy type and inclination. In this 
part of our study we find only a moderate dependence on inclination, consistent with broad-band photometric 
studies, and a large scatter from galaxy to galaxy. Typical extinctions are smaller for late-type dwarfs than for 
spiral types. Finally, we show that the application of the type-dependent extinction corrections derived here 
significantly improves the agreement between star formation rates calculated using Ha fluxes and those from far- 
infrared fluxes as measured by IRAS. This again supports the idea that heavily dust-embedded star formation, 
which would be underestimated using the Ha technique, is not a dominant contributor to the total star formation 
rate of most galaxies in the local Universe. 
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1. Introduction 

The Ha luminosity observed in spiral and irregular galax- 
ies is believed to be a direct tracer of the ionisation of the 
inter-stellar medium (ISM) by the ultraviolet (UV) ra- 
diation which is produced by young high-mass OB stars. 
Since only high-mass (>10 M Q ) and, therefore, short-lived 
(<20 Myr) stars contribute significantly to the integrated 
ionising flux, the Ha emission line thus provides a nearly 
instantaneous measure of the star formation rate (SFR), 
independent of the previous star formation history. The 
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two main advantages of using Ha to detect star forma- 
tion are the direct relationship between the nebular line 
emission and the massive SFR, and also the high sensi- 
tivity. A small telescope can map star formation down to 
low levels at high angular resolution, even in faint, low 
surface-brightness galaxies. 

The Ha Galaxy Survey (HaGS) is a study of the star 
formation properties of a representative sample of galax- 
ies in the local Universe using this technique. We have 
imaged 334 nearby galaxies in both the Ha line and the R- 
band continuum. The sample consists of all Hubble types 
from SO/a to Im with recession velocities between and 
3000 km s -1 . All galaxies were observed with the, now un- 
fortunately decommissioned, 1.0 metre Jacobus Kapteyn 
Telescope (JKT), part of the Isaac Newton Group of 
Telescopes (ING) situated on La Palma in the Canary 
Islands. The sel ection and the obse rvation of the sample 
are discussed in I James et al.l ()2004|) . hereafter Paper I. A 
key element of this project is to extend the study to fainter 
galaxies than has been done in previous large surveys. 

The two major limitations of narrow-band Ha imaging 
are contamination by the [Nil] line doublet, and uncer- 
tainties in the extinction corrections to be applied to each 
galaxy. In this paper we will investigate refinements to the 
corrections applied by previous authors. The HaGS sam- 
ple contains more faint, dwarf galaxies than most previous 
studies, and thus we aim to derive corrections applicable 
to both these objects, and the brighter spiral galaxies. 

The [Nn] lines are located either side of the 6563A 
Ha line, at 6548A and 6583A and will be referred to as 
[Nll]-6548 and [Nn]-6583 in this paper. The widths of the 
narrow-band Ha filters range from 44A to 55A thus in- 
cluding both [Nil] lines - as do almost all narrow-band 
Ha observations of galaxies. The [Nn]-6548 line is weaker 
than the [Nn]-6583 line, with [Nll]-6583/[Nn]-6548 - 3. 
The contribution to the total flux for both lines together 
([Nn]-total henceforth) causes a scatter when using Ha 
measurements to infer SFRs. In order to improve calcula- 
tions of SFRs it is therefore important to be able to correct 
for the [Nil] contamination. 

Whilst the ratio of [Nil] to Ha in th e nuclei of 
spiral galaxies has been well studied (e.g., \Keei [l983 
iRubin fc Fordlll986l) and found to be high (often greater 
than ll. lKennicutt k Kentl l)l983|) find that nuclear [Nil] 
emission rarely dominates the integrated photometry of 
galaxies and hence global corrections for [Nil] contami- 
nation are much smaller. The most commonl y used cor- 
rection s fo r entire galaxies are those derived bv lKennicutd 
l|l983(l and lKennicutt fc Kent! <|l983j) . Spectrophotometric 
[Nil] /Ha ratios of indi yidual extragalactic Hii regions 
from the literature ( see iKennicutt & KentllT983l and ref- 
erences therein) were compiled from 14 spiral galaxies 
(mostly of type Sc) and 7 irregular galaxies. The aver- 
age Ha/ (Ha + [Nn]-total) ratio was found to be fairly 
constant, spanning the ranges 0.75 ± 0.12 for the spi rals, 
and 0.93 ± 0.05 for the irregulars l)Kennicuttlfl983|) . In 
terms of the ratio [Nii]-total/Ha this corresponds to a me- 
dian value of 0.33 for spirals and 0.08 for irregulars. These 



values were calculated by finding the [Nii]-total/Ha ra- 
tio of the brightest Hii regions, averaging for each galaxy 
and then determining the mean value for spiral and ir- 
regular types. This implicitly assumes that all Hii regions 
have the same proportion of [Nn]-total to Ha emission as 
those regions measured. However, the inte grated galaxy 
spectroscopy presented bv iKennicuttl l)l992f) shows gener- 
ally stronger [Nil] emission than the earlier studies. Mean 
values of [Nn]-6583/Ha are 0.75 (st. dev 0.55) for types 
Sa-Sbc, 0.36(0.16) for types Sc-Sm, and 0.15(0.11) for 
Im galaxies (omitting the, probably misclassified, galaxy 
IC 883 from the Im sample). Including the [Nn]-6548 emis- 
sion would make the discrepancy larger; however, these 
ratios were taken from deblended spectra as the Ha and 
[Nil] lines we re only marginally reso lved. 

Similarly. iMcQuade et all jl995h find high mean [Nn]- 
total/Ha ratios, of 0.606±0.432 for 3 normal spirals, 
0.909±1.34 for 12 barred spirals and 0.838±0.431 for 5 
Type 2 Seyfert galaxies. The 3 blue compact dwarf galax- 
ies in their sample have a much lower mean [Nii]-total/Ha 
ratio, 0.104±0.018, and 3 blue compact galaxies have an 
intermediate mean ratio, 0.276±0.036. The one LINER in 
their sample has very strong [Nil] emission, with [Nn]- 
total/Ha = 3.627. These ratios are derived from circular 
apertures of 13.5 arcsec diameter, thus sampling only the 
ce ntral regions o f most of these galaxies. 

Ijansen et alJ l|2000|) use integrated spectra of 196 
nearby galaxies to show that the principal determinant 
of [Nil] /Ha ratio is galaxy luminosity rather than type. In 
their study, the [Nil] /Ha ratios for galaxies brighter than 
Mr = -19 - 5 are in agreement with the values found by 
iKennicutil 1 1992), but fainter than this a striking trend is 
seen towards much lower valu es of this ratio . Thes e fainter 
galaxies are dominated in the lJansen et alJ {2000) sample 
by late- type Sd-Im galaxies, but interestingly the same 
trend is clearly seen for earlier type spirals. At Mb = - 
16, [Nil] /Ha ratios of ~0.1 are typical. A similar trend 
in log([Nii]-to t al/Ha ) vs galaxy luminosity is found by 
iGavazzi et aH l)2004|) . 

In this paper, a new method of investigating the rela- 
tive strengths of Ha and [Nil] is introduced and explored. 
This method will enable both the integrated ratio over 
the whole galaxy and the ratios of individual regions to be 
calculated. Particular attention will be paid to radial vari- 
ations in the [Nii]-total/Ha ratio, both for the practical 
reason that many literature determinations of this ratio 
have been based on measurements of the central regions 
of galaxies, and because there are theoretical reasons to 
expect significant variation with radius, due to metallicity 
changes and different excitation processes. 

The major source of systematic error in the conver- 
sion of Ha fluxes to SFRs is due to the effects of ex- 
tinction within the galaxy being observed. There is a 
great deal of uncertainty as to the exact magnitude of 
this extinction and how it varies with galaxy luminos- 
ity and type. Studies using radio data (which are not af- 
fected by extinction) of large samples of individual Hn 
regions in nearby galaxies yield mean extinction values 
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rangi ng from ^4(Hq) = 0. 5 mag to A (Ha) = 1.8 mag 
(e.g. ICaplan fc Deharvenel Il986l iKaufman et"all Il987t 
van d er Hulst et al ll988HCar)lan et alll996UNiklas et al. 
1997(1 . iKennicuttl l|l998|) adopts a single correction of 1.1 
mag for the effective Ha extinction of entire galaxies for 
all Hubble types. These samples, however, mainly con- 
tain bright galaxies, whereas the HaGS also includes many 
faint and irregular galaxies. For very small irregular galax- 
ies, extinction may be systematically lower due to the 
smaller quantity of ISM which the Ha flux must traverse. 
Alternatively, most of the extinction could be associated 
with the star forming region itself, in which case galaxy 
type and size will be of lesser importance. In this paper 
we will determine the extinction towards known star for- 
mation regions, and search for highly embedded star for- 
mation which may not be apparent through optical ob- 
servations, using 3 techniques. The first will present new 
Br7 imaging data for galaxies in our sample, and use the 
Bi - 7/Ha ratio to estimate extinction towards individual 
Hn regions in these galaxies. The number of galaxies de- 
tected in the Br7 line is small, however, so a further in- 
vestigation is presented making use of literature Ha and 
H/3 line fluxes for a large sample of spiral galaxies. This 
sample enables type-dependent extinction corrections to 
be derived and the inclination dependence of extinction 
to be investigated. Finally, a statistical analysis is made 
of star formation rates for galaxies in the present sample, 
using both optical Ha fluxes and far-IR fluxes from the 
IRAS survey. This provides a test of the type-dependent 
extinction corrections derived here, and enables a further 
search for heavily dust-embedded star formation which 
may be missed by optical or even near-IR observations. 

The organisation of the rest of this paper is as follows. 
In Section|21of this paper we will investigate the fraction of 
[Nil] emission in the total Ha + [Nil] flux, how this varies 
between bulges and disks of spiral galaxies, and suggest 
possible reasons for this variation. In Section^ we use Br/y 
flux measurements from a sample of galaxies to investigate 
internal extinction. In Section 01 we use data published 
by the Universidad Complutense de Madrid (UCM) sur- 
vey collaboration to investigate the dependences of extinc- 
tion on galaxy inclination and morphology. In Section |21 
the SFRs calculated using both Ha and far-infrared (FIR) 
data are compared, used to check the type-dependent ex- 
tinction corrections, and to constrain deeply-embedded 
star formation. Section H3 summarizes the main conclu- 
sions of this paper. 

2. Photometric separation of [Nil] and Ha 

2.1. Methods 

The [Nil] 6584A filter (n6584) at the JKT has a narrow 
passband (2lA), which is centred on the Ha line for galax- 
ies with recession velocities close to 960 km s -1 . If such 
galaxies are observed through the n6584 filter, the nar- 
row passband virtually excludes (< 10% transmission) the 
[Nil] lines. Observations taken through the wider 6594A 



Ha filter (h6594) in the JKT filter set include both the 
[Nii]-6583 and the Ha emission. Using the transmission 
values from the scanned filter profiles on the ING website 
(see Table ^ for specific values adopted for each observed 
galaxy), the continuum-subtracted images can be scaled 
and subtracted so as to produce pairs of images in the Ha 
and [Nn]-6583 lines respectively (the [Nn]-6548 line is in- 
cluded in the analysis by multiplying [Nn]-6583 fluxes by 
a factor of 4/3). The key point to note in Tabled is that 
the transmission values of the Ha line are very similar for 
the two filters, while those for the [Nn]-6583 line are an 
order of magnitude lower in the narrower filter; this differ- 
ence enables the separation process to work. The relative 
strengths of the Ha and [Nn]-6583 fluxes can be derived 
from the separated images using aperture photometry. 

By applying this method to a range of galaxies of dif- 
ferent types, it is possible to look at variations in the ratio 
of Ha to [Nil] both as a function of galaxy type, and of 
spatial location within each galaxy. In the latter case the 
effects resulting from radial metallicity gradients, for ex- 
ample, can be investigated. 

2.2. Observations 

Five hours of service time were granted on the JKT to ob- 
tain images through the n6584 filter for the study of [Nil] 
emission strengths. The observing took place in December 
2000 and January 2001. Three galaxies were observed 
through the n6584 (3 x 1200 s integrations) and i?-band 
continuum filters. Ha data were taken as part of the main 
survey. Two further galaxies were observed through the 
n6584 filter during the main HaGS observing time. 

The galaxies range from spiral types SO/a to Scd and 
arc listed in Tabled along with their recession velocities. 
Photometric calibration was obtained by using observa- 
tions of Landolt standard stars to define zero-points and 
airmass corrections for each night as described in Paper I. 

2.3. Producing separate Ha and [Nil] images 

The i?-band continuum images were scaled and subtracted 
from the n6584 filter images. The scaling factor was found 
to be i?/n6584 = 118.5±1.8 from photometry of 41 fore- 
ground and standard stars. This is identical, within the 
errors, to the value of 118.4±2.2 obtained by multiply- 
ing spectrophotometric stellar fluxes by the digitised filter 
transmission profiles. 

The continuum-subtracted images taken through the 
h6594 filter were scaled so as to match the photometric ze- 
ropoint of the n6584 filter images. In the cases where there 
were large differences in the seeing conditions in the two 
images, a Gaussian smoothing was applied to the image 
with the better seeing. The continuum-subtracted images 
were scaled by the appropriate factors from Table and 
subtracted to produce one image mapping the [Nil] emis- 
sion from the galaxy and one image containing only the 
Ha light. 
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Galaxy 


Hubble Type 


«(km s x ) 


THa,h6594 


7Ha,n6584 


T[NII],h6594 


J[NII], n6584 


UGC 2141 


SO/a 


987 


0.4149 


0.4452 


0.4626 


0.0680 


UGC 2210 


SBc 


1211 


0.4683 


0.4298 


0.3958 


0.0203 


UGC 855 


SABc 


1202 


0.4667 


0.4320 


0.3992 


0.0213 


UGC 8403 


SBcd 


965 


0.4084 


0.4425 


0.4671 


0.0756 


UGC 11872 


SABb 


1150 


0.4568 


0.4446 


0.4171 


0.0297 



Table 1. Galaxies observed in [Nil] emission, and the Ha and [Nil] transmission values for both lines through the 
h6594 and n6584 filters. 



2.4. [Nil] and Ha distributions in individual galaxies 

For each of the 5 galaxies, the ratio of the [Nn]-6583 to 
the Ha flux and the distribution of each were investigated 
for the whole galaxy by plotting growth curves. The fluxes 
were measured in, typically, 50-80 equally spaced ellipti- 
cal apertures. The location of the galaxy centre was de- 
termined by centroiding on the galaxy nucleus in the R- 
band image, and the ellipticity and position angle of the 
apertur es were taken from the Uppsala Galaxy Catalogue 
(UGC, lNilsonlll973h . The growth curve from the sepa- 
rated [Nii]-6583 image was divided by that obtained from 
the separated Ha image to obtain the ratio [Nn]-6583/Ha 
as a function of distance from the galaxy centre. 

Figures 1 and 2 show this ratio and the two growth 
curves, normalised to the maximum [Nn]-6583/Ha ratio, 
displayed in the upper frame of each group. The middle 
frame of each group is the uncontaminated Ha image and 
the bottom image shows the distribution of the [Nn]-6583 
emission. 

UGC 2141 Figure (left) shows that in this galaxy, the 
[Nn]-6583 and Ha do not separate into distinct regions 
as found in some of the other galaxies. The [Nn]-6583 
image shows a diffuse mix of positive and negative read- 
ings, showing that the method has not worked particularly 
well in this case. This will be, in part, due to the large 
seeing difference between the nights in which the galaxy 
was observed through the h6594 filter (2.0 arcsec) and the 
n6584 filter (1.0 arcsec). However, this should not affect 
the large-scale trends or overall ratios shown in Fig. 

The ratio of [Nn]-6583 to Ha increases in the outer 
regions of the galaxy and levels off at a value of 0.13. 
Thus, the value of Ha/ (Ha + [Niil-tot al) is 0.85, which i s 
higher than the mean value suggested iKenniciittl l|l983f) . 
and [Nil] emission is relatively weak in this galaxy. 

UGC 2210 Figure^ (centre) shows virtually no [Nil] emis- 
sion. The [Nil] growth curve shows no significant depar- 
tures from zero and it is only possible to put an upper limit 
on the [Nil] to Ha ratio for the whole galaxy. The upper 
limits shown in this figure correspond to the highest value 
detected in any of the photometric apertures used. The 
3(7 upper limit on the [Nii]-6583/Ha ratio for the whole 
galaxy is 0.02, which is equivalent to a lower limit of 0.97 
on Ha/ (Ha + [Nn]-total). 



UGC 2855 Figure H (right) shows that there is a high ra- 
tio of [Nn]-6583 to Ha in the nucleus, but this ratio falls 
significantly in the disk. There is an arc of [Nii]-6583 emis- 
sion, however, located at the eastern end of one of the 
spiral arms. 

The asymptotic value of [Nn]-6583/Ha is 0.18. 
Ha/(Ha + [Nn]-total) is, therefore, 0.80 for the whole 
galaxy. 

UGC 8403 Figure El (left) shows strong nuclear [Nil]-6583 
emission, peaking in the centre with an [Nn]-6583/Ha ra- 
tio of 0.59. This falls rapidly and there is very little sign 
of [Nil] in the disk. The average ratio for the whole galaxy 
is just 0.07, which corresponds to Ha/(Ha + [Nn]-total) 
= 0.91. 

UGC 11872 Figure El (right) shows very strong [Nn]-6583 
emission in the galaxy nucleus, with a ratio of [Nn]-6583 
to Ha of 1.33 over the central 20" in radius. UGC 11872 
is listed on NED as containing a low-ionisation nuclear 
emission region (LINER). The [Nn]-6583 emission is much 
weaker in the outer regions of the disk, but the total [Nn]- 
6583/Ha ratio for the galaxy is still 0.54, easily the largest 
fraction in the 5 galaxies studied. The fraction of Ha to 
the Ha + [Nii]-total flux is 0.58 for the entire galaxy. 

The above results are summarised in Table [21 The 
quoted errors represent the standard deviation of individ- 
ual points about the asymptotic values in the [Nil] /Ha 
growth curves. 

For the three galaxies where individual [Nii]-emitting 
regions were visible, the ratio of [Nil] to Ha was inves- 
tigated separately in each emission-line region. Circular 
or elliptical apertures were placed around the regions in 
the positions indicated in Figs. ^ and |2 The fluxes were 
recorded in identical apertures in both the Ha-only im- 
age and the [Nii]-6583 image. The results are combined in 
Table □ 

If we were to assume that all Hn regions in a galaxy 
have approximately the same ratio of [Nil] to Ha, then the 
mean value of Ha/ (Ha + [Nn]-total) for spiral galaxies, 
calculated from the individual regions listed in Table El 
would be 0.645 ±0.03. This is in fair agreement with the 
value quoted in lKennicutd l|l983j) of 0.75±0.12, which was 
derived using effectively the same assumption. However, 
the majority of the above regions were selected on their 
[Nil] emission, which can obviously bias the mean ratio. 
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> Normalised separated [Nil] flux 
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i [NII]/Ho upper limit 
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Fig. 1. UGC 2141 (left), UGC 2210 (centre) and UGC 2855 (right). In each case, the top frame shows the growth 
curves in Ha, [Nii]-6583 , and in the ratio [Nn]-6583/Ha, except for UGC 2210 where only an upper limit is shown for 
the [Nii]-6583/Haratio, as no [Nil] is detected in this galaxy. The middle and lower frames show the separated images 
in the Ha and [Nil] lines respectively for each galaxy. The areas shown in the images are 4.6x2.9 arcmin, or 16x10 kpc 
for UGC 2141; 9.1x5.7 arcmin, or 37x23 kpc for UGC 2210; and 4.3x2.7 arcmin, or 22x14 kpc for UGC 2855. 



Galaxy 


[Nii]-6583/Hq 


Hq/(Hq + [Nll]-total) 


U2141 


0.133±0.002 


0.849±0.002 


U2210 


<0.020 


>0.974 


U2855 


0.185±0.001 


0.802±0.001 


U8403 


0.074±0.001 


0.910±0.001 


U11872 


0.541±0.003 


0.582±0.002 



Table 2. Ratios of [Nn]-6583 to Ha and Ha to Ha + [Nn]-total measured for the entire galaxy 



The process was repeated for some of the most luminous 
regions in the Ha-only image. The [Nil] fluxes for these 
regions were predicted assuming Ha/ (Ha + [Nii]-total) 
= 0.75 and should have all been easily detectable. With 
the exception of regions 2 and 3 in UGC 11872, no cor- 
responding [Nil] flux could be measured in any of these 
areas. 

The 3cr upper limit on the [Nil] to Ha ratio lies between 
0.034 and 0.117 for the regions investigated. Since these 
limits are well below the average ratio found from Table 



the assumption of equal ratios of [Nil] to Ha in all Hn 
regions can not be valid. 

A further test of this is to remove the regions in which 
[Nil] was detected and use a single large aperture to mea- 
sure the ratio of the remaining [Nil] to Ha in each galaxy. 
The results are presented in Table 01 and again show that 
the ratio of [Nil] to Ha is low outside the most strongly 
line-emitting regions. 

These data confirm that, whilst the results of 
iKennicuttJ ljl983T ) can be reproduced for the regions with 
the strongest [Nil] emission, the overall strength of [Nil] 
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[Nll]/Ha 
• Normalised separated Ha flux 
! Normalised separated [Nil] flux 



200 300 
SMA (pixels) 



[Nll]/Ha 
• Normalised separated Ha flux 
' Normalised separated [Nil] flux 



100 200 300 
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Fig. 2. UGC 8403 (left) and UGC 11872 (right). The frames are arranged as for Fig. 1; the areas shown in the images 
are 4.6x2.9 arcmin, or 26x16 kpc for UGC 8403; and 4.6x2.9 arcmin, or 18x11 kpc for UGC 11872. 



Region 




[Nn]-6583/Ha 


Ha/(Ha + [Nll]-total) 


U2855 


1 


0.228±0.010 


0.767±0.006 




2 


0.520±0.067 


0.591±0.028 




3 


0.407±0.028 


0.649±0.014 




4 


0.529±0.073 


0.587±0.033 




5N 


0.289±0.029 


0.722±0.017 


U8403 


N 


0.536±0.024 


0.582±0.010 


U11872 


IN 


0.800±0.032 


0.484±0.010 




2 


0.337±0.013 


0.691±0.007 




3 


0.277±0.018 


0.731±0.011 



Table 3. Ratios of [Nil] -6583 to Ha and Ha to Ha 
indicates a nuclear region. 



[Nii]-total for individual regions. An N next to a region name 



Galaxy 


[Nii]-6583/Hq 


Ho/(Hq + [Nll]-total) 


U2855 


0.147±0.002 


0.836±0.002 


U8403 


0.068±0.001 


0.917±0.001 


U11872 


0.241±0.002 


0.757±0.001 



Table 4. Ratios of [Nn]-6583 to Ha and Ha to Ha + [Nn]-total for the remainder of the galaxy after the regions in 
Table |21 have been removed. 
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relative to Ha in the remainder o f each of the 3 ga laxies 
is lower than the value derived bv iKennicuttl l)l983|) . 



2.5. Literature studies of [Nil] emission 



iBurbidee fc Burbided l|l962l) found evidence for the vari- 
ation in the [Nil] -total/Ha ratio within spiral galaxies, 
with the typical ratio being ~l/3 in disk regions, but ris- 
ing to ~1 (occasionally significantly higher) in nuclear re- 
gions. They suggested that such variations could be due 
to either metallicity gradients, resulting in a higher nitro- 
gen abundance in the central parts of galax ies, or to a 
higher electron temperature in these regions. lOsterbrockl 
(1989) also notes the ambiguity inherent in interpreting 
the [Nil] /Ha ratio, but he notes that it clearly splits 'HII- 
like' galaxies from those thought to be po wered by active 
galact ic nuclei. This point is discussed bv iBaldwin et al.1 
(198l|), who demonstrate that higher values of the ratio 
can result either from shock heating, or from photoion- 
ization with a power-law spectrum, rather than the near- 
black-body spectrum expected from stellar photoioniza- 
tion. The nearby Sab LINER, M81, provides a particularly 
well-studied example of the systematic variat ions found 
in the [Nil] /Ha ratio. IsTauffer fc Bothunl 1 19841) measured 
the [Nn]-6583 /Ha ratio for 10 disk regions, finding values 
in the range 0.2 2-0.45, whereas the nuclear value of this 
ratio is found bv lFilippenko fc Sargentl (119881) to be much 
larger at 2.3. Most authors have followed lPeimbertl l)l968(l 
in ascribing the radial changes in this ratio primarily to 
the abundance gradient. 

A highly interesting phenomenon of great relevance to 
the current study is the occurrence of Extended Nuclear 
Emission-line Regions (ENERs) noted in the bulge re- 
gions of nearby spiral galaxies by Devereux and collab- 
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galaxie s by Devereux and collab- 
.lll994ll99llH"ameed fc Devere^l 



11 999ft . These are areas of diffuse emission, seen through 
filters transmitting Ha+ [Nil] light, which do not have 
the clumpy appearance associated with star formation 
regions, and are cospatial with the old or intermediate- 
age stellar populations of ga laxy bulges. Such com ponents 
have been found in M 31 l|Devereux et al.lll994l) . M 81 
ijDevereux et al.l Il995|) . and in 7 out of a sample of 2 7 
Sa-Sab galaxies studied bv lHameed fc Devereux! l|l999|) . 
These authors argue strongly that these extended compo- 
nents, which typically comprise ~30% of the Ha+ [Nil] lu- 
minosity in these galaxies, are completely unrelated to star 
formation activity, and they propose that this emission 
is either shock-excited, or photo-ionized by extremely hot 
post-AGB stars. The latter option provides a simple expla- 
nation for this emission being distributed throughout the 
bulge region. It is clear that the central extended emission 
found in the present study, most clearly in UGC 11872, but 
also from UGC 2855 and UGC 8403, is the same ENER 
phenomenon noted by Devereux and collaborators, and 
the high [Nii]-6583 /Ha ratio we find throughout these 
regions lends weight to the suggestion that these are not 
excited by star formation. 



2.6. [Nil] vs Ha emission - summary and conclusions 

The method discussed here for photometrically separat- 
ing the [Nil] and Ha emission from galaxies c an be used 
both t o refine the [Nil] corrections proposed bv lKennicutfJ 
l|l983|) for future Ha based studies of star formation ac- 
tivity, and to study the nature of emission-line sources in 
galaxies. The current sample size of this investigation is 
very small, but even so, we see a wide variation in the 
strength and distribution of [Nil] emission in each galaxy. 
For example, UGC 2210 and UGC 2855 are both Sc galax- 
ies, and yet their [Nil] profiles are very different. No cor- 
relation is evident here between between [Nil] / Ha ratio 
and galaxy luminosity, but this is not surprising given the 
small sample size a nd t he scatter in this relat ion found by 
l.lansen et all l|2000l) and lGavazzi et all (|2004l) . UGC 2141, 
2855 and 11872 lie cl ose to the best-fit line for this correla- 
tion as presented bv lGavazzi et all (|2004^ . but UGC 8403 
has weak [Nil] emission for a relatively bright spiral galaxy, 
an d UGC 2210 has wea ker [Nil] than any galaxy studied 
bv lGavazzi et alJ l|2004L 

The iKennicutt l)l983h correction agrees well with this 
work for individual regions selected by their high [Nil] 
fluxes. For the remaining galaxy, and the galaxy as a 
whole, however, the correction significantly overestimates 
the [Nil] contamination effects. 

Clearly, further observations through the n6584 filter 
are required, particularly of irregular galaxies, before a 
new set of [Nil] corrections can be derived. For the SFRs 
published in Paper I, the current standard corrections 
were used for comparability with other work. If a value 
of Ha/(Ha + [Nil]) of 0.823, suggested by the mean of 
the values for the 5 entire galaxies in Table [3 is taken, 
then the derived SFRs as reported in Paper I are too low 
by 7%. 

The photometric separation method is also a good 
way of investigating the distribution of [Nil] within each 
galaxy. Three out of the 4 galaxies for which posi- 
tive [Nil] measurements could be made showed higher 
[Nil] /Ha fractions in the metal-rich nuclear regions than 
in their younger disks, including diffuse components which 
we identify with the ENER phe nomenon discussed by 
Devereux and collaborator s IjDevereux et alJll994t |l995; 
lHameed fc Devereux! Il999|) . The higher nuclear ratios 
are consistent with the fin dings of earlier studies (e.g. 
iBurbidge fc B urbidee 196 21), and may explain the high 
values found bv lMcQuade et all l|l995l ). whose study was 
based on spectroscopy of central regions of galaxies. 



3. Investigating internal extinction effects using 
Br7 observations 

3.1. Methods 

Compared to Ha, the effective extinction at the wave- 
length of the Br7 2.166/im hydrogen recombination line 
is lower by a factor of 7.1 (c alculated using the extinction 
curve of lCardelli et alll989l ). making this line an excellent 
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probe of dust-e mbedded star form ation. Assuming case B 
recombination l|Osterbrockl H989). the intrinsic Br7/Ha 
line ratio can be predicted. Comparing the measured and 
predicted ratios, we can calculate the excess extinction at 
Ha compared to Br7, and hence the total extinction at 
Ha, by the assumption of a standard extinction law. 

The Br7 line is relatively weak , however, with a flux 
104 times weaker than that of Ha l|Osterhrocki ri989: this 
assumes T =10,000 K and an electron density N c — 
10 4 cm -3 ). Thus a 4 metre class telescope is required 
for Br 7 observations in galaxies. The UFTI (UKIRT 
Fast Track Imager) camera at UKIRT (United Kingdom 
InfraRed Telescope) with the Br 7 and Br 7 z filters (cen- 
tred on 2.166/^m and 2.173/im respectively) is ideal for this 
work as the filters can be used for galaxies with recession 
velocities up to 4500 km s -1 , encompassing the full range 
of recession velocities for galaxies in our sample (0-3000 
km s" 1 ). Three nights of observing time (2001 January 
17-19) on UKIRT were awarded for Br 7 observations of a 
subset of the Ha sample. 



3.2. UKIRT observations and data reduction 

Thirty-nine galaxies were selected from the Ha survey 
sample, subject only to the selection criteria of this sur- 
vey (Paper I) and the need to sample all spiral and ir- 
regular Hubble types, and excluding the largest galaxies 
(D 25 >3.5 arcmin) because of the field of view of the 
infrared camera used. Twenty-one of these were spirals 
ranging between Hubble types SO/a to Sd inclusive, and 
18 were irregulars with a range of absolute magnitudes. 
During the three night run, 22 of the galaxies were ob- 
served through one of the two Br 7 filters and the K' con- 
tinuum filter. Given the difficulties encountered in detect- 
ing Br 7 emission, the decision was made at the telescope 
to target preferentially galaxies with the strongest Ha line 
emission. 

Exposure times varied from 600 s to 3600 s through the 
Br 7 filters, depending on the magnitude of the galaxy. The 
Br 7 filter was used for galaxies with velocities less than 
1000 km s" 1 , and the Br 7 z filter for those with higher red- 
shifts. A 300 s exposure was taken for each galaxy through 
the K' filter (centred on 2.1123/im) for continuum sub- 
traction. A dark image was taken for each observation, 
and sky flats and standard stars were observed through- 
out the night. Observations of standard stars confirmed 
that all three nights were photometric, and were used to 
calculate the scaling factors between the two Br 7 filters 
and the K' filter. For the 10 stars observed through both 
the K' and the Br 7 filters, the mean ratio of detected 
counts, X'/Br7, was found to be 10.74±0.10. A value for 
K'/Brjz of 7.13±0.09 was derived from the 8 standard 
stars observed through these filters. Appropriately scaled 
and aligned K' images were subtracted from each Br 7 
frame to remove the continuum emission. 



3.3. Bry detections 

Out of the 22 galaxies observed, only eight show any sign 
of Br 7 detections after continuum subtraction. In the cases 
of six of these, there are 1-3 detections of small, isolated 
regions. The Br 7 image of UGC 5786, however, contained 
a detection of nearly the whole galaxy, with eight strong 
regions that particularly stand out (Fig. |3 left image). 
UGC 5786 is a very strong Ha emitter (Fig. [31 right im- 
age), and has the highest observed Ha flux in the Ha 
Galaxy Survey. 

In order to correlate the Br 7 regions with their Ha 
counterparts, the Br 7 data were rebinned to match the 
pixel scale of Ha images. To measure the coordinate offset 
between the two sets of data, the centroid was found for 
the galaxy nucleus, or a bright non-saturated star, in both 
the JKT i?-band image and the UKIRT if'-band image. 
There was found to be no significant rotation between the 
two sets of images. 

Br 7 fluxes were calculated by placing an aperture 
around each region. An annular sky region was taken in 
cases where there were no other sources nearby. Random 
measurement errors were investigated by changing the size 
and position of the sky annulus or offset region. Systematic 
errors caused by structure in the background were inves- 
tigated using 25 artificially-generated sources with a two- 
dimensional Gaussian profile, and sizes comparable to the 
real sources detected in the Br 7 frames. For each detected 
real source, the artificial sources were scaled to match the 
real source and added to the real frame. Aperture photom- 
etry was then performed on the embedded fake sources 
and the standard deviation in values was used as a mea- 
sure of the error in the determination of the flux of the real 
source. These sky-background errors dominate over other 
sources of error, such as the uncertainty in the continuum 
scaling factors. 

The apertures around the Br 7 regions were trans- 
formed to the Ha coordinate system and the Ha flux 
for the corresponding region was then calculated. In most 
cases, the regions detected in Br 7 matched up with obvi- 
ous regions in the Ha image. The errors on the Ha mea- 
surements were found to be much less than those on the 
Br7 measurements. The dominant source of error when 
calculating Ha fluxes was shown in Paper I to be the 
uncertainty in the continuum scaling factors (~10% for 
a typical galaxy observed through the h6570 or h6594 
narrow-band filters), and the total uncertainty to be be- 
tween 10 and 15%. 

Table |3] shows the Br7 fluxes and their corresponding 
Ha fluxes for all the detected regions, with the exception 
of a small number of weak detections with no Ha coun- 
terpart. The la errors given are those derived from the 
slight movement of the Br7 aperture and changing the 
sky region (col. 5), the variation in counts measured from 
fake sources with the same flux as the obj e ct (co l. 6), and 
the error analysis for Ha fluxes in IShanei $2QQZ) (col. 8). 
UGC 3711 was observed on two nights: 17/01/01 (Nl) 
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and 19/01/01 (N3). The Br7 fluxes for both galaxies are 
in agreement within the quoted errors. 

In col. 9, the ratio of the detected fluxes is presented. 
The intrinsic flux of the Br7 line is 104 times less than 
that of Ha and the effective ex tinction is 7.1 times lower 
(following the extinction law of lCardelli et al.lll989|k thus 
the Ha extinction coefficient, A(Ha), is given by : 

A(Ha) = 2.910 log j - A G (Ha). 

j4c(Ha) is the correction for Galactic extinction, 
as quoted on the NASA/IPAC Extragalactic Database 
(NED). The factor of 0.75 corrects for [Nil] contamina- 
tion in the Ha fl ux (see Sec t ion |2t - This is the correction 
recommended bv lKennicutd l)l983j) . however, if we substi- 
tute the value 0.823, suggested by the mean Ha/(Ha + 
[Nn]-total) ratio for the 5 entire galaxies in Tabled the 
values of A(Ha) will be slightly lower. As an example, the 
extinction found for region 3 of UGC 5786 will fall from 
1.48 to 1.37 if this change is made. Since we are investi- 
gating individual Hn regions here, however, we continue 
to use Kennicutt's value (which was also derived for lumi- 
nous individual Hn regions) in this analysis. This value is 
also consistent with the mean correction found in Section 
12.41 for individual regions, but this does constitute a sig- 
nificant source of uncertainty in the following analysis. 

The values of j4(Ha) for each region are recorded in 
col. 10. In most cases the extinction values lie between 
0.5 and 1.8 mag, in agreement with the findings of previ- 
ous studies. Four regions have significantly higher values 
(>2.5 mag). The high extinction regions in UGC 5731, 
UGC 5786 and UGC 6123 are all situated in the nucleus 
of the galaxy, and are indicated with an N in Table [S] 
The high extinction region in UGC 2455 coincides with a 
region that is bright in the i?-band image, but appears 
faint and diffuse when viewed in Ha. Finally, we note 
that similar data taken with 4.2 metre William Hcrschcl 
Telescop e using the INGRID 1024x1024 near-IR array 
camera l|Packham et alJ 120031 show clear Br7 emission 



from the nucleus of UGC 4779. This emission implies a 
highly dust-embedded source at the centre of this galaxy 
(A(Ha) = 6-7), given the weak Ha emission found from 
the corresponding region. 

3.4. Putting limits on Bry detections 

Due to the low number of Br7 detections in our ob- 
servations, we determined the minimum flux that a re- 
gion would need in order to give a 3<r detection in 
each image, thus enabling us to derive useful limits 
from non-detections. This was done by creating a frame 
with randomly-placed artificial sources as discussed in 
Section 13.31 The generated frame was then re- normalised 
and added to each of the observed Br7 galaxy images. 
Photometry was performed on the artificial sources and 
the mean value, along with the la error was calculated. 
The re-normalisation factor was adjusted until the mean 
value fell below 3cr. The mean count rate was then con- 
verted into a flux in the same way as if a real Br7 source 
was being investigated. This calculated flux corresponds 
to the minimum Br7 source flux that we could reliably 
detect (to a 3<r certainty) in each frame. The results var- 
ied from frame to frame, but were all between 1.2 and 
5.7 xl0~ 18 Wm~ 2 . This range is around the same as the 
values detected for the fainter Br7 regions. Thus we are 
detecting Br7 at the very limits of what is possible with 
the UKIRT images. 

We also investigated whether there were any Br7 re- 
gions which should have been detected, given the intrin- 
sic line ratios which we assume here, but which were not 
seen. For each galaxy observed by UKIRT, the Ha im- 
age was examined and the fluxes of the regions with the 
brightest Ha emission were measured. If an extinction of 
A(Ha) = 1.1 mag is assumed, there should be correspond- 
ing Bi'7 fluxes approximately 44 times fainter than these 
Ha fluxes, and under the most extreme assumption of no 
extinction, a Bi~7 source should be present with 1/104 
times the Ha flux. In all cases where the predicted Br7 
flux for a region was greater than or close to the calcu- 
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Table 5. Results from the investigation of Br7 emitting regions. Col. (1) gives the UGC number of the galaxy, col. 
(2) the Hubble type, col. (3) identifies the region investigated, col. (4) gives the Br7 flux measured for that region, 
and col. (7) gives the corresponding Ha flux. The notation is such that the decimal exponent is given in brackets 
and a value of 1.0(-18) should be read as l.OxlO -18 . Cols. (5), (6) and (8) give la errors on these measurements, as 
described in the text. Col. (9) gives the ratio of the fluxes and col. (10) gives the Ha extinction coefficient calculated 
from these values. 



lated minimum Br7 flux that would give a 3cr detection, 
aperture photometry was carried out on that region in the 
Br7 image. 

Fourteen regions were investigated in 9 different galax- 
ies. In the majority of cases any Br7 flux found was below 
the 3tT certainty level. Two new regions were identified 
however, one in UGC 2455 and a further one in UGC 5786 
(below region 2 in Fig- - Data for these regions are pre- 
sented in Tabled with the regions identified as UGC 2455 
Ha 1 and UGC5786 Ha 1. 

The extinction values obtained here are consistent with 
those found previously. For the remaining regions, the 
upper limits for detectable Br7 fluxes found using the 
randomly-placed artificial sources were used to place up- 
per limits on the extinction coefficient for these regions. 
These are shown in Table The limits show that the ex- 
tinction values in these Ha selected Hn regions do not lie 
above the range of extinction values found by other au- 
thors (i.e. 1.8 mag). The region investigated in UGC 2392 
has A(Ha) < 0.20 mag and, thus, appears to contain 
much less extincting dust than normal. 

From our study of artificial sources, no 3er limits for 
Br7 detections were found with fluxes less than the lower 
limit value of .FHa/104. This value is the minimum limit 
in the case where there is no extinction, and this gives 
confidence in our photometry, reduction procedures and 
the physical assumptions made. 

3.5. Bry fluxes in the literature 

Br7 fluxes for a further two galaxies in our Ha sample have 
been measured previously during spectroscopic studies of 
extinction in starburst galaxies. These value s have been 
publis hed in iKawara et alJ l|l989h . IHo et alJ l|l990h . and 
ICalzetti et alJ l|l996l) . 



The Ha fluxes for the corresponding areas were found 
from our data and used to calculate the values for the 
Ha extinction coefficient in these regions. In the case of 
UGC 12699, the region investi gated was the bright star- 
burst nucleus. For UGC 8098. ICalzetti et alJ l|l996|) ob- 
served the main star-forming region, which is located a 
long way south of the nucleus. 

The quoted Br7 fluxes, the measured corresponding 
Ha fluxes and the calculated values for the Ha extinction 
coefficient are presented in Tabled 

The three values for UGC 12699 are all in very good 
agreement within the quoted uncertainties. The extinction 
value in UGC 8098 is low, but within the range quoted in 
the literature for individual Hn regions. 

3.6. Investigating extinction through Bry observations 
- summary and conclusions 

Twenty-two galaxies were observed through Br7 filters at 
UKIRT in order to investigate the effects of extinction in- 
ternal to some of the galaxies observed in the Ha Galaxy 
Survey sample. Only 8 of the galaxies provided any detec- 
tions of Bi'7 however, with most of these containing just 
1-3 isolated regions of measurable flux. UGC 5786 was 
the only object where nearly the whole galaxy could be 
detected in B1-7. These data cannot be used, therefore, to 
investigate the overall effective extinction for entire galax- 
ies. 

Ha extinction coefficients were calculated for each of 
these individual regions and have been plotted in Fig. 0] 
along with the upper limits derived from investigating the 
regions with the highest Ha fluxes. In most cases, A(Ha) 
values are found to be in the 0.5-1.8 mag range quoted 
in the literature and indicated by the dashed lines in the 
plot. Error bars have been omitted here for clarity, but 
one third of the plotted values are consistent with the 
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Table 6. Extinction limits for the regions with the brightest Ha fluxes, but with no Br7 detections above the 3cr 
limits calculated using randomly placed artificial sources. 



Reference UGC F Br7 (Wm~^) F ga (Wm~ 2 ) F Ha /F Br ^ A(H a ) 

Kawara et al. (1989) 12699 5.1 ±1.2(-17) 2. 23 ± 0.33(-15) 43.7 1.32±0.26 

^^^^^Tn^^T 12699 4.7(-17) 1.95 ± 0.29(-15) 41.5 1.38±0.17 

Cj^^^^Ha^TOkn 12699 4.99 ± 0.20(-17) 2.23 ± 0.33(-15) 44.7 1.29±0.05 

-ii-.v ni ■ . -. . , 17 



Table 7. Results using Efr-7 fluxes quoted in the literature. 
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Fig. 4. The Ha extinction coefficients and upper limits 
calculated using Br7 fluxes, plotted against Hubble T- 
type. Error bars have been omitted for clarity, but un- 
certainties can be found in Tables |S] and The solid line 
is positioned at A(Ha)=l.l mag, and the dashed lines at 
0.5 and 1.8 mag. 



iKennicuttl 1^998) value of 1.1 mag, represented by the 
solid line. Higher extinction values were found in nuclear 
regions, indicating the presence of large amounts of ex- 
tincting dust. 

Insufficient data were available here to investigate any 
relationship with galaxy morphology. It is clear, however, 
that A(Ha) varies even within a single galaxy, and hence 
a significant fraction of the extinction must be associated 
with the star-forming regions themselves. In the following 
Section, we will use published data from the literature to 
continue our investigation into internal extinction. 



4. Internal extinction from literature Ha and H/3 
observations. 

4.1. The UCM Ha survey 

The UCM survey (|Zamorano et all Il994l Il996j) used a 
Schmidt telescope, a low-dispersion objective prism and 
photographic emulsion to search a wide field of sky for low 
redshift emission line galaxies (ELGs). The UCM instru- 
menta tion limits the survey to z < 0.045. iGalleeo et alJ 
(1995) report the detection of 264 ELGs in an area cov- 
ering 471.4 square degrees, more than half of which (138 
objects) do not appear in any published cat alogue. 

Follow up imaging has been published bv lVitores et alJ 
l|l996albh . papers which contain the Hubble type data 
used here, and statistical analyses of the sample galaxies, 
respectively. The morphological distribution of the sample 
is dominated by late-type galaxies (66% being Sb or later) 
with ^10% presenting typical parameters of E-S0 types, 
and a further ^10% being irregulars. This result is a con- 
sequence of the UCM selection by the presence of emission 
features. Nine blue compact dwarf galaxies were also de- 
tected. Follow-up slit spectroscopy w as obtained, enablin g 
the calculation of Ha and H/3 fluxes llGallego et alJll996l) . 

The UCM dataset thus provides gala xy ellipticities 
JPerez-Gonzalez et al.ll200l|l . morpho logies dVi tores et ail 
Il996a|) and E(B-V) colour excesses l|Gallego et alll996|) 
for a large number of galaxies. These can be used to in- 
vestigate the dependence of internal extinction on galaxy 
inclination and morphology, which proved impossible with 
our Br7 observations. 

The UCM line fluxes were obtained spectroscopically 
from slit widths between 2 and 4 arcsec. The mean red- 
shift of the galaxies is approximately 0.02, thus the de- 
rived A(Ha) values will be predominantly for the central 
regions. There are significant uncertainties in line fluxes 
for weak-lined galaxies due to the 0.3 nm correction ap- 
plied to compensate for photospheric absorption underly- 
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ing both Ha and H/3 lines (|Perez-Gonzalez et al.ll200^) . 
As a result, the analysis presented below was done twice; 
once for all galaxies with relevant data, and then including 
only galaxies with H/3 EW greater than 1 nm and Ha EW 
greater than 6 nm, for which the absorption-correction 
uncertainties will be minimised. 

4.2. The dependence of internal extinction on 
inclination 



The colour excess values in lQallego et al are com- 

puted using either H7/H/3 or Ha/H/3 observed intensity 
ratios. Correc t ions fo r Galactic extinction can be found in 
Vit ores et al. I lll996ah These have been determined from 
the iBurstehifc Heiled l)l982|) maps at the Galactic co- 
ordinates of each UCM object. The corrected values of 
E(B — V) can be converted to A(Ha) using the extinction 
law of ICardelli et alJ 1 1989th which gives: 



A(Ra) = 0.828 x R v x E(B - V) 
where the extinction parameter Ry is defined as 
A(V) A(V) 



A(B) - A(V) E(B - V) 



= 3.1. 



Figure shows the calculated Ha extinction internal to 
each of the UCM spiral galaxies, in magnitudes, plotted 
against the cosine of the inclination for 109 UCM spi- 
ral galaxies. A least-squares regression method to all 109 
points gives 

A(Ea) = 1.712 - 0.440 x cos(i). 

The linear correlation coefficient for this fit is 0.106, how- 
ever, indicating that the significance for the relationship is 
just 72%. A fit to just the points with strong line emission 
(the solid points in Fig. |5J) gives no correlation at all; the 
slope is -0.030, with a correlation coefficient of just 0.012. 
It is clear that selecting on strong emission lines excludes 
many of the galaxies with high internal extinction, and 
the mean A(Ha) value is only two-thirds as large for this 
subset. The scatter in extinction values is large compared 
to the systematic corrections implied by the above regres- 
sion fit (~0. 1-0.2 mag). No inclination corrections were 
applied to Ha fluxes presented in Paper I. 

4.3. The dependence of internal extinction on 
morphology 

We can also use the UCM data to investigate whether 
there is significant ty pe dependence of extinction values. 
IVitores et alJ l|l996aft classify each of the UCM galaxies 
according to the classical Hubble types, as well as includ- 
ing the BCD (Blue Compact Dwarf) type. They define 
BCDs as galaxies possessing all of the following properties: 
compact appearance in the direct image, linear size (D24) 
lower than 10 kpc, luminosity Mr > —19, and photo- 
metric parameters typical of later Hubble types. Spectral 




cos(i) 



Fig. 5. The Ha extinction coefficient plotted against the 
cosine of the inclination for 109 UCM galaxies. Solid 
points show galaxies with H/3 equivalent widths greater 
than or equal to 1 nm and Ha equivalent widths greater 
than or equal to 6 nm, open points show galaxies with 
either or both lines below these limits. 



information from IGalleeo et all l|l996|) was also used for 
confirmation. 

Th e extinctions calculat ed from the colour-excess val- 
ues m IGalleeo et all l|l996|) are plotted against the as- 
signed morphologies in Fig. The plot featuring the in- 
dividual gal axy values shows a la rge scatter within each 
galaxy tvpe. lvitores et all l)l996ah estimate the typical un- 
certainty in their adopted morphologies to be about one 
Hubble type. However, this is unlikely to be the primary 
cause of the scatter, as inspection of the mean extinctions 
for each galaxy type reveals that A(Ha) varies little be- 
tween SO and Sb type galaxies. The mean extinction is 
slightly lower for late-type spirals and drops substantially 
for irregulars and B CD galaxies. 

iKennicud {l998) recommends an Ha extinction value 
of 1.1 mag for all galaxy type s, while iTresse fc Maddoxl 
l)l998|) and ITresse et all l|2002j) use Ha/H/3 ratios to de- 
rive a mean value consistent with 1.0 mag in Ay, i.e ~0.75 
mag at Ha. Figure would suggest higher corrections, of 
around 1.5 mag, for early-type spiral galaxies (SO-Sbc), 
1.2 mag for late-type spirals (Sc+), and a lower value of 
around 0.4 mag for Magellanic irregulars and dwarf galax- 
ies. 

This type dependence is generally consistent with re- 
sults from previous studies, most of which ha ve been based 
on broad-band photometry. I Valentii nl l|l994j) found extinc- 
tion effects to be larger for Sb and high sur face brightness 
Sc galaxies than for later types. iHanl l|1992l ) found system- 
atically larger extinction for types Sbc-Sc (7/ =0.90) than 
for either earlier types, SO/ a-Sb (7r =0 - ?3) or later types, 
Scd+( 7/ =0.51). Finally, iBuat fc Xul <|l996|) found the 
near-UV 2000A extinction of Sa-Scd spirals to be signifi- 
cantly larger than that for Sd-Irr types (0.9 and 0.2 mag. 
respectively). 
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Fig. 6. The Ha extinction coefficient plotted against Hubble type. The plot on the left shows the mean values for each 
type, with the error bars representing the standard deviation divided by the square root of the number of galaxies of 
that type. The plot on the right shows each of the 120 UCM galaxies for which both extinction and morphology data 
are available. Solid points show galaxies with H/3 equivalent widths greater than or equal to 1 nm and Ha equivalent 
widths greater than or equal to 6 nm, open points show galaxies with either or both lines below these limits. 



It should be remembered that the UCM extinction cor- 
rections are derived from optical lines, and thus there may 
be a selection effect against high A(Ha). However, the 
values derived are generally consistent with those from 
Br7/Ha ratios presented in ths paper, which will be less 
subject to such effects. The UCM measurements are also 
primarily made from nuclear regions and may somewhat 
overestimate the extinction characteristic of outer, disk re- 
gions. Figure 01 demonstrates that nuclear extinction val- 
ues can be substa ntially larger than disk values for the 
same galaxy, and iDomingue et al.l l|2000l) find clear ev- 
idence of higher interarm extinction values towards the 
central regions of 18 pairs of overlapping galaxies. Thus it 
is possible that the results shown in Fig.[f)]would be differ- 
ent if extinctions were plotted specifically for disk regions, 
but at present there is no dataset available to test this 
possibility. 

The Kennicutt extinction correction was applied when 
calculating SFRs in Paper I for ease of comparability with 
similar studies. The effects of applying the type-dependent 
corrections suggested above will be investigated in the fol- 
lowing Section, and in further papers. 

5. Comparison of star formation rates derived 
from Ha and far-infrared luminosities 

5.1. Motivation for a test using Ha and IRAS data 

In this Section we will compare SFRs calculated using 
both HaGS Ha fluxes, and FIR fluxes from IRAS (the 
Infrared Astronomy Satellite). There are two main rea- 
sons for doing this. Firstly, we can compare 'direct' mea- 
sures of star formation, as represented by the detected 
Ha flux from a galaxy, with indicators derived from dust 
re-emission, i.e. the FIR flux. This will provide a test of 



the type-dependent Ha extinction corrections by compar- 
ing against an almost extinction-independent measure of 
star formation for our galaxies. Secondly this will pro- 
vide constraints on any very deeply dust-embedded star 
formation component which in principle could be missed 
entirely by optical and even near-IR measurements, but 
would certainly result in FIR luminosity. Such components 
are known to exist, for example in the ultraluminous in- 
frared sources for which Arp 220 is the local archetype, but 
it is of great interest to know whether such components 
exist, and at what level, in more normal galaxies. 

The IRAS all-sk y survey resulted in FIR fluxes for 
over 30,000 galaxies IjMoshir et al.ll992|) . and these can be 
used as an indirect tracer of star formation. Complications 
arise from the uncertainties in the proc esses responsible for 
the he atin g of the IR-emitting dust. | Devereux fe Yound 
l|l990|) and iDevereux fe Hameedl l)l997t) argue that high- 
mass ionising stars dominate the dust heating. If this is 
the case, then the FIR luminosity of a galaxy should cor- 
relate well with the Ha luminosity, since this is also the 
result of the UV radiation field from OB stars. Others (e.g . 
Lonsdale Pcrsson & Hclou 1987: Buat & Dcharvcng 1988; 
Sauvage fe Thuanl ll992) have argued that cirrus emission 
from dust heated by the general stellar radiation field, in- 
cluding old, low-mass stars, is also an important factor. 
In this case, we would expect early-type galaxies, with 
older overall stellar populations, to produce higher FIR 
luminosities than predicted by Ha-calculated SFRs. 

The large size of the HaGS sample, combined with 
the excellent coverage of galaxy morphologies and surface 
brightnesses, provides the basis for investigating the reli- 
ability of using FIR luminosities to trace high-mass star 
formation. 
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5.2. Calculation of star formation rates from IRAS flux 
densities 

The HaGS sample was cross-correlated with the IRAS 
Faint Source Catalogue v2.0 (FSC) using a search radius 
of 60" around the galaxy positions quoted in NED. 178 
galaxies were found in common. 

A convenient conversion from flux measure ments in the 
IRAS bands to a total FIR flux is given by iHelou et alJ 
l)l988(k these values were converted into FIR luminosities 
using galaxy distances calculated as de scribed in Paper I , 
using the Virgocentric inflow model of ISchechterl 1(1980). 
and an asymptotic Hubble constant of 75 km s _1 Mpc -1 . 

The calibration of £fir, to SFR varies within the litera- 
ture and depends on assumptions a bout the star form ation 
timcscale and initial mass function. Ke nnicuttl (|1998) gives 
a calibration calculated for starbursts with ages less than 
10 s years. In more quiescent, norm al star-forming gal ax- 
ies, the empirical relation found bv lBuat fc Xul l|l996|) is 
the most appropriate, and hence is used here: 



SFR ( Mgyr" 



3(2-6) x 10" lu L Fm (L 



(1) 



This correlation is based on IRAS and UV flux measure- 
ments of 152 disk galaxies. The values given in brackets 
indicate the la interval found for the FIR to UV luminos- 
ity ratio. The Ha SFRs listed in Paper I are determ ined 
using the equation derived bv lKennicutt et al 1 lll994h : 



SFR (Moyr- 1 ) = 7.94 x lQ- db L Ka (W) 



(2) 



An internal extinction correction of 1.1 mag. A(Ha) was 
initially used for all galaxy types in calculating Ha SFR 
values. 



5.3. Comparing HaGS and IRAS star formation rates 

The 178 galaxies with both HaGS and IRAS SFRs are 
plotted in Fig. [7| The galaxies are coded by galaxy type. 
The dashed line in the figure represents a one-to-one cor- 
relation. The solid line is the best-fit line calculated from 
a least-squares regression fit to the data. The equation of 
this line is: 

log(IRAS SFR) = 1.181og(Ha SFR) - 0.34. (3) 

The plot shows a good correlation between the two mea- 
sures of SFR, although there is a significant deviation from 
the one-to-one line. The linear correlation coefficient is 
0.91 (where a value of 1 is a perfect correlation and a 
value of indicates no correlation), with a significance of 
>99.99%. For the most rapidly star-forming galaxies, pre- 
dominantly Sb-Sc types, the two measures of SFR agree 
very well. For the galaxies with lower SFRs, comprised 
mainly of the later types, the FIR tracer seems signifi- 
cantly to underestimate the star formation, compared to 
the Ha. 

FigureHcan be co mpared with the middle plot of fig. 1 
in lCram et alJ l|l998f) . where Ha SFRs are plotted against 
SFRs from radio-power measurements. The latter can be 
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Fig. 7. Comparison of SFRs derived from FIR and Ha 
data. The dashed line is the one-to-one relation and the 
solid line is the best-fit line to the data. The axis on the 
right displays the FIR luminosity of the galaxies in Solar 
units. 



replaced by 60 /im IR emission, since the top plot shows a 
strong one-to-one correlation between the two. The trend 
for IR measurements to predict lower SFRs at the low 
end of the scale than the Ha measurements is visible here. 
One possible reason for this is that galaxies with low SFRs 
may have lower dust opacities, and thus be less efficient 
at absorbing the stellar-UV radiation field from new stars 
and re-emitting it at infrared wavelengths. 

The slope of a best fit-line t o the plot of Ha SFR vs 
radio SFR in lCram et alJ l|l998|) is much less than 1, and 
lower than the gradient for the HaGS-IRAS relation, 0.85. 
Both investigations show that the assumption of a linear 
correlation between FIR luminosity and SFR in Equation 
^with a slope of unity in the log-log pl ot does not appear 
to be v alid. This is further supported bv lSauvaee fc Thuanl 
l|l992|) . who find a slope of 0.69 when examining the same 
relationship for a sample of 135 galaxies. They argue that 
this supports the two-component model where the FIR 
luminosity comes from both star-forming regions and qui- 
escent cirrus-like regions of the ISM. 

The right-hand axis in Fig. [7\ displays the FIR lumi- 
nosity. The plot clearly shows a strong, tight correlation 
between FIR luminosity and the SFR as determined by 
the Ha luminosity. If the latter is assumed to be an ac- 
curate and reliable measure of the total star formation 
(bearing in mind the uncertainties in extinction and [Nil] 
corrections), then Equation[3]can be used to derive a non- 
linear, empirical correlation between FIR luminosity and 
the star formation rate of a galaxy: 



SFR (Moyr^ 1 ) = 1.6 x 10" 



i r0.85 
■^FIR 



(L ). 



(4) 
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Since this equation is derived from SFRs calculated using 
Equation [21 it implicitly assumes the same Salpeter IMF. 



5.4. A test of morphology-dependent extinction 
corrections 

We will now make use of the extinction independence of 
FIR emission to perform a simple test of the efficiency of 
the morphology-dependent extinction correction derived 
from the UCM data in Section Ol 

The galaxies in Fig. Hare coded by morphological type. 
It can clearly be seen that the early- type galaxies (SO/a- 
Sab) tend to lie above the best-fit line, indicating an excess 
of FIR flux compared to the predictions of the new calibra- 
tion. T his is in agreement with the findings of lBuat fc XvJ 
l)l99fil) and supports the theories of old, low-mass stars 
contributin g significantly to the dust-heating stellar radi- 
ation field. lYoung et all lll996f). for their s ample of 120 
disk galaxies. and lDevereux fc Yound Jl990T> . for 1 24 sp i- 
ral galaxies from the survey of lKennicutt fc Kent! l|l983l) . 
on the other hand, find no significant difference in the re- 
gions where the early- and late-type spiral galaxies are 
located on their equivalent plots. 

Figure E| contains histograms of the ratio of the FIR 
SFR (as calculated using Equation to the Ha SFR 
for different galaxy morphologies. The difference between 
early and late types is immediately clear. The 22 early- 
type spirals (SO/a-Sab) display the largest scatter, but 
clearly show the highest IRAS/HaGS SFR ratios. For 
later types, this ratio systematically decreases. The mean 
ratios and their standard errors are given in the top 
ro w of Table El The trend is the same as that seen 
by ISauvage fc Thuar] lll992h, but mu ch s tronger than 
that fo und bv lDevereux fc Yound (^990) and lYoung et alJ 

In addition to contributions from the old stellar pop- 
ulations, there are several other possible causes of the 
observed decrease in SFR(IRAS)/SFR(HaGS) along the 
Hubble sequence. Figure shows that the Ha extinction 
is higher in early-type spiral galaxies and falls off towards 
the latest types. The Ha luminosities used to calculate 
the SFRs here have all been corrected by the same ex- 
tinction factor (AQla)=l.l mag), irrespective of galaxy 
type. If we have underestimated the extinction in early- 
type galaxies, then the Ha luminosities will also be un- 
derestimated and the observed SFR(IRAS)/SFR(HaGS) 
will be too high. Th e converse is true for the late types. 
iKewlev et al.l l)2002l) compare IR and Ha SFRs for a sam- 
ple of 93 galaxies before and after correcting each galaxy 
individually for extinction. Before corrections they find 
the same trend as above, but after the corrections are ap- 
plied they find that the SFR(IR)/SFR(Ha) ratios for early 
and late types are approximately equal. 

The results of replacing the standard 1.1 mag correc- 
tion in the HaGS sample with the corrections suggested 
by the UCM data in SectionOl i.e. 1.5 mag for SO/a-Sc, 
1.2 mag for Scd-Sm and 0.4 mag for Im galaxies, can be 
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Fig. 9. Comparison of SFRs derived from FIR and Ha 
data. The dashed line is the one-to-one relation and the 
solid line is the best-fit line to the data. The axis on the 
right displays the FIR luminosity of the galaxies in Solar 
units. 



seen in Fig.EJand in the second row of TableEJ From these 
results, simple type-dependent extinction corrections seem 
to be an improvement on a global correction. 

A further point related to the type-dependent ex- 
tinctions is that the galaxies with lower optical extinc- 
tions may also experience a lower efficiency of convert- 
ing stella r light into FIR emission, as predicted by the 
models of lCharlot jjJ^ojigliej^jlj 200 ll). and confirmed ob- 
servationallv bv iHirashitaetal (2003). This should im- 
ply a residual correlation between SFR(IRAS)/SFR(Ha) 
and galaxy luminosity, even after correction of Ha fluxes 
for type-dependent extinction, in the sense that low- 
luminosity galaxies will have a nomalously low S FR(IRAS) 
values. Also, as mentioned bv iHirashita et all |2p03), the 
SFR(IRAS) values for luminous early-type galaxies may 
be boosted by a component due to dust heating by the 
strong older stellar population in these galaxies. Figure El 
is a replotting of Fig. [7| but with the Ha SFR corrected 
for type-dependent extinction, which provides a test of 
these predictions. The regression fit to the points has a 
slope of 1.088, confirming that the type-dependent extinc- 
tion corrections have reduced the difference between the 
two estimators of SFR, and significantly reduced the scat- 
ter. However, there is still a clear underprediction of SFR 
from FIR fluxes for the lower luminosity spiral and irregu- 
lar galaxies; this underprediction becomes less marked for 
brighter spiral galaxies, and there is indeed evidence for 
excess FIR emission in some of the brighter early-type 
galaxies. Thus Fig. gives good qualitative agree ment 
with the predictions of lCharlot fc Longhettl l)200ll) and 
IHirashita et"afl l|2003h . 
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SO/a-Sab 


Sb-Sc 


Scd-Sm 


Im 


SO/a-Im 


mean 


SFR(FIR) 
SFR(Ha) 


, A{Ha) = 1.1 


3.17±0.91 


1.29±0.09 


0.86±0.05 


0.62±0.06 


1.28±0.13 


mean 


SFR(FIR) 
SFR(Hq) 


, variable yl(Ha) 


2.18±0.66 


0.89±0.06 


0.78±0.05 


1.18±0.11 


1.05±0.09 


N 




22 


70 


62 


24 


178 



Table 8. The mean ratios of the SFRs calculated from FIR and Ha data for different Hubble types. 
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Fig. 8. Histograms of the ratio of IRAS SFRs to HaGS SFRs as a function of morphological type. Ha fluxes have 
been corrected using a uniform extinction correction of 1.1 mag. for the histograms on the left, and using but with 
the morphologically-dependent extinction corrections derived from the UCM data (see text) for those on the right 



5.5. Constraints on deeply embedded star formation in 
normal galaxies 

The results described in Section 15.41 also argue against 
there being a dominant deeply-embedded star formation 
component in a significant fraction of the normal galaxy 
population sampled by this study. Such a population 
would power a far-IR flux excess, accompanied by little 
or no Ha emission, and would result in a tail of galaxies 
lying to the right of the main peaks shown in Fig. |H1 Few 
such galaxies are observed, although some caveats should 
be noted. Firstly, Fig. |H1 does show a significant fraction 
of galaxies with far-IR excesses up to 0.4 dex, or a fac- 
tor 2.5 relative to the mean ratio for each type. This is 
particularly true for the SO/a-Sab galaxies. Thus we can- 
not exclude the possibility that a significant minority of 
our galaxies have up to half of their star formation in a 



deeply embedded component. Secondly, we do not model 
the absolute ratio of far-IR to Ha flux, so it is possible 
that all galaxies have a significant embedded star forma- 
tion component, and for some reason this is always present 
in the same ratio to the component th at is visible in the 
Ha line. Indeed, ICharlot et aLI <|2002h use modelling of 
the Ha and far-IR emission from star forming galaxies 
to conclude that Ha-based measurements of star forma- 
tion rates underestimate the true value by a factor ~3, 
compared with far-IR measurements. However, the prin- 
cipal reason they find for this is the absorption of ionizing 
photons within star formation regions, rather than the 
presence of a dominant embedded compon ent. It is also 
interesting to note that iDooita et alJ l|2002l) find that Ha 
measurements provide a reliable estimate of total star for- 
mation rates even in luminous and ultraluminous interact- 
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ing and merging galaxies, as long as optical spectroscopic 
data is available to enable removal of active nuclear com- 
ponents, and to give corrections for reddening and [Nil] 
contamination. Given this, it is not surprising that we have 
found good consistency between far-IR and Ha star for- 
mation rates for the more normal galaxies in the present 
sample, which have had similar corrections applied. This 
lack of dominant deeply-embedded star formation compo- 
nents has also been demonstrated by the compar i son o f 



UV and FIR emission by, for example, iBuat et all ^ 
andlHirashit a et all |2003). It should be stressed that this 
has only been demonstrated in the local Universe and may 
well not be valid at high redshifts. 



6. Conclusions 

We have studied the two major corrections which need 
to be applied to narrow-band Ha fluxes from galaxies in 
order to convert them to SFRs, i.e. [Nil] contamination re- 
moval and correction for extinction internal to the galaxy 
in question. 

• From an imaging study using carefully-chosen narrow- 
band filters, we find that the [Nil] emission is gen- 
erally very differently distributed to the Ha emission, 
and that in particular nuclear measurements (e.g. from 
slit spectroscopy) can significantly over-estimate the 
contribution of [Nil] to total narrow-band fluxes. In 
most star formation regions in galaxy disks, the [Nil] 
fraction is small or negligible, and [Nil] corrections ap- 
plied in most previous studies may significantly under- 
estimate disk star formation rates as a result. 

• We estimate the extinction towards star formation re- 
gions in spiral galaxies from Br7/Ha line ratios. The 
main results from this study are that extinctions are 
larger for regions in galaxy nuclei compared with those 
in disks; disk extinction values are similar to those 
derived from optical emission-line ratios; and there is 
no evidence for heavily dust-embedded regions emerg- 
ing in the near-IR, which would be invisible at Ha. 
However, the numbers of galaxies and individual re- 
gions detected using this method are small, and we 
thus exploit optical emission-line data for the UCM 
study to derive global Ha extinction values as a func- 
tion of galaxy type and inclination. 

• We find evidence supporting the overall size of correc- 
tions (~1 mag.) applied by previous authors, and de- 
termine typical extinctions to be smaller for late-type 
dwarfs than for spiral types. 

• We show that the application of type-dependent ex- 
tinction corrections derived here significantly improves 
the agreement between star formation rates calculated 
using Ha fluxes and those from far-IR fluxes as mea- 
sured by the IRAS satellite. 

• These findings support the idea that heavily dust- 
embedded star formation, which would be underes- 
timated using the Ha technique, is not a dominant 



contributor to the total star formation rate of most 
galaxies. 
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